Recombinant bacterial vaccines must be fully attenuated for animal or human hosts to avoid inducing disease symptoms while exhibiting a high degree of immunogenicity. Unfortunately, many well-studied means for attenuating Salmonella render strains more susceptible to host defense stresses encountered following oral vaccination than wild-type virulent strains and/or impair their ability to effectively colonize the gut-associated and internal lymphoid tissues. This thus impairs the ability of recombinant vaccines to serve as factories to produce recombinant antigens to induce the desired protective immunity. To address these problems, we designed strains that display features of wild-type virulent strains of Salmonella at the time of immunization to enable strains first to effectively colonize lymphoid tissues and then to exhibit a regulated delayed attenuation in vivo to preclude inducing disease symptoms. We recently described one means to achieve this based on a reversible smooth-rough synthesis of lipopolysaccharide O antigen. We report here a second means to achieve regulated delayed attenuation in vivo that is based on the substitution of a tightly regulated araC P BAD cassette for the promoters of the fur, crp, phoPQ, and rpoS genes such that expression of these genes is dependent on arabinose provided during growth. Thus, following colonization of lymphoid tissues, the Fur, Crp, PhoPQ, and/or RpoS proteins cease to be synthesized due to the absence of arabinose such that attenuation is gradually manifest in vivo to preclude induction of diseases symptoms. Means for achieving regulated delayed attenuation can be combined with other mutations, which together may yield safe efficacious recombinant attenuated Salmonella vaccines.
Attenuation of Salmonella vaccine vectors should decrease, if not eliminate, induction of undesirable disease symptoms while the vaccine retains immunogenicity. The attenuated vaccine should be sufficiently invasive and persistent to stimulate both strong primary and lasting memory immune responses and should be designed to minimize consequential adverse events. As even attenuated vaccines may sometimes cause disease (72) , the vaccine should be susceptible to clinically useful antibiotics. Achieving a balance between adequate attenuation and safety and maximal immunogenicity in vaccine construction is difficult. Many means to attenuate Salmonella vaccines make them less able to tolerate stresses encountered in the gastrointestinal tract after oral administration, including exposure to acid, bile, increasing osmolarity and iron, and decreasing O 2 , and/or reduce invasion of the gut-associated lymphoid tissue (GALT). The doses for recombinant Salmonella vaccines to elicit maximal immune responses in mice are lower for intranasal immunization than they are for oral immunization (37, 55, 58) . This may be due, in part, to killing of orally administered vaccines by the acid stress of the stomach (24, 30) quickly followed by exposure to bile in the duodenum. We have determined that these two stresses in succession are more effective in causing bacterial cell death than the sum of killing by each stress alone (M. R. Wilmes-Riesenberg and R. Curtiss, unpublished data). Salmonella possesses a large constellation of genes that confer acid tolerance and resistance to acid stress (1, 17, 20, 21, 51) , and inactivation of these genes or their inability to be expressed by induction reduces virulence (76) . In this regard, the regulatory proteins RpoS (44) , Fur (32) , PhoPQ (6, 7) , and OmpR (3, 4) are all necessary to confer resistance to acid stress and/or shock in Salmonella enterica serovar Typhimurium. Similarly, many genes are turned on in response to exposure to bile, and some of these gene products transiently repress invasion while bacteria reside in the intestinal lumen (29, 60, 73, 75) . The exceedingly low dose of Shigella needed for oral infectivity correlates well with the innate expression of high resistance to acid stresses (74, 75) and the presumed unimportance of bile stress. However, complete lipopolysaccharide (LPS) is of considerable importance as rough mutants of Salmonella lacking LPS O-antigen side chains or portions of the core are avirulent, fail to colonize the intestinal tract, and are deficient in invading cells of the intestinal mucosa (69, 70) . This could be due to increased sensitivity to bile or complement and/or an inability to penetrate mucin to enable adherence to intestinal cells prior to invasion. As Salmonella traverses the intestinal tract, there is an increase in osmolarity and a decrease in available oxygen; both of these environmental signals induce the expression of the Salmonella pathogenicity island 1 genes necessary for cell invasion (18, 23, 42) , as does the succession of low-pH passage through the stomach followed by the neutral pH of the ileal contents (2) . There are also likely stresses to ions, defensins, and other metabolites that might impair the ability of bacterial vaccine vectors, depending on the means of attenuation, to persist in the intestinal tract for sufficient time to enable cell attachment and invasion. In this regard, genes regulated by PhoPQ (25, 26, 61, 73) and PmrAB (77) very much contribute to resistance to bile stress, defensins, and iron stress. Serovar Typhimurium mutants with ⌬phoP, ⌬phoQ, or ⌬phoPQ mutations are all totally avirulent for mice and highly immunogenic in inducing protective immunity to challenge with virulent wild-type strains. This is surprising in that such mutants, although colonizing the GALT to reasonable levels in spite of their increased sensitivity to acid stress, defensins, and bile (61, 73) , are found in the mesenteric lymph nodes and spleens of orally immunized mice at much reduced levels (22) compared to titers in numbers of CFU observed after oral administration of either ⌬aro or ⌬cya ⌬crp attenuated strains (14, 36) . These collective results demonstrate that ⌬phoPQ mutants are totally avirulent and highly immunogenic but imply that some of the attenuation is due to a reduced ability to colonize lymphoid tissues. RpoS controls expression of the serovar Typhimurium virulence plasmid spv genes (19, 57) . The spvRABCD gene cluster controls the growth rate of Salmonella in deep organs and is required for systemic infection and bacteremia in animals and humans (see reference 28 for a review). As expected, Salmonella rpoS mutants have a severely impaired capacity to colonize spleens of infected mice, resulting in avirulence in mice (10, 11, 40) . In addition, rpoS mutations reduce the ability of serovar Typhimurium to colonize Peyer's patches of infected mice (11, 56) .
Based on the above observations and thoughts, we reasoned that it might be important to have mutations contributing to attenuation or other beneficial vaccine attributes that do not impair the abilities of the vaccine to adjust to and/or withstand a diversity of stresses encountered at any location within the gastrointestinal tract if the vaccine is administered orally or in the respiratory tract if it is administered intranasally. Likewise, there may be a benefit to having a vaccine strain that expresses wild-type abilities not compromised by direct mutations to penetrate through mucin, to attach to cells in the mucosal epithelium, and to be invasive into those cells. To achieve these objectives, we have developed six means using three strategies to achieve regulated delayed attenuation of Salmonella in vivo such that strains at the time of immunization exhibit almost the same abilities as fully virulent wild-type strains to contend with stresses and successfully reach effector lymphoid tissues before displaying attenuation, which precludes onset of any disease symptoms. The first strategy (15) involves a smooth-to-rough phenotypic change in LPS in vivo and makes use of pmi mutants that lack the phosphomannose isomerase needed to interconvert fructose-6-phosphate and mannose-6-phosphate (49) . Strains with the ⌬pmi mutation grown in the presence of mannose synthesize a complete LPS O antigen but lose LPS O-antigen side chains after about seven generations of growth in medium devoid of mannose or in tissues since nonphosphorylated mannose, required for uptake to synthesize O antigen, is unavailable. We report here our second strategy based on regulated delayed expression in vivo of virulence genes. We thus describe four means to be used alone or in combination to provide a regulated delayed attenuation phenotype so that vaccine strains with these mutations have nearly the ability of wild-type Salmonella to colonize lymphoid tissues before exhibiting an attenuated phenotype. Each means confers significant attenuation and improved immunogenicity compared to selected attenuated strains made by direct mutation in virulence genes. Our third strategy (39) uses a system for regulated delayed lysis in vivo to provide both attenuation and biological containment.
MATERIALS AND METHODS
Bacterial strains, media, and bacterial growth. All strains for testing in mice were derived from the highly virulent S. enterica serovar Typhimurium strain UK-1 (13) . All bacterial strains are listed in Table 1 . LB broth and agar (8) were used as complex media for propagation and plating of bacteria. Nutrient broth and agar (Difco), which are devoid of arabinose and mannose, and minimal salts medium and agar (12) were also used. Some studies were done with bacterial strains grown in tissue culture medium to simulate environments to be encountered in vivo. MacConkey agar with 0.5% lactose, 0.2 or 0.5% arabinose, or 0.5% maltose was used to indicate fermentation of sugars and enumerate bacteria from mice. Chrome azurol S (CAS) plates, which were used to determine siderophore production, were made by the addition of an indicator solution of CAS mixed with Fe ϩ3 and hexadecyltrimethyl ammonium bromide to morpholinepropanesulfonic acid basal agar (68) . To detect phosphatase activity, X-P plates to detect phosphatase activity were made by addition of 5-bromo-4-chloro-3-indolyl-phosphate to nutrient agar at a final concentration of 50 g/ml. Kornberg agar was prepared as a glycogen indicator agar (33, 41, 64) . Selenite broth, with or without supplements, was used for enrichment of Salmonella from tissues although later results demonstrated that enrichment with tetrathionate broth gave better results when vaccine strains had multiple mutations. Bacterial growth was monitored spectrophotometrically and by plating for colony counts.
Molecular and genetic procedures. Methods for DNA isolation, restriction enzyme digestion, DNA cloning, and use of PCR for construction and verification of vectors were standard (65) . DNA sequence analysis was performed in the DNA Sequence Laboratory in the School of Life Sciences at Arizona State University. All oligonucleotide and/or gene segment syntheses were done commercially. PCR amplification with primers designed for specific modifications was used to alter promoter, ribosome binding/Shine-Dalgarno (SD), and start codon sequences. Conjugational transfer of suicide vectors for generation of unmarked deletion and deletion-insertion mutations was performed by standard methods (52, 63) using the suicide vector donor strain 7213 (Table 1) . Since live vaccine strains cannot display resistance to antibiotics, we used means to generate defined deletion mutations using suicide vector technologies that did not use drug resistance markers or leave molecular scars. Subsequently, these unmarked defined deletion mutations with and without specific insertions were introduced into strains using P22HTint (66, 67) transduction of suicide vectors integrated into the deletion or deletion-insertion mutation, followed by selection for sucrose resistance as described previously (38) . Whenever insertion of a regulatory sequence might adversely affect expression of an adjoining gene, we included a transcription terminator (TT) to prevent such consequences. We generally used strong TTs from bacteriophages. Plasmid constructs were evaluated by DNA sequencing, the ability to complement various serovar Typhimurium mutant strains (Table 1) , and the ability to specify synthesis of proteins using gel electrophoresis and Western blot analyses. His-or glutathione S transferase-tagged proteins were produced and used to obtain anti-protein rabbit antiserum for Western blot analyses.
Strain characterizations. We took exquisite care in strain construction and did complete biochemical and genetic characterizations after every step in strain construction. This included running an LPS gel (34, 71) to make sure that we did not select rough variants. We conducted comparative growth analyses since our objective was to have single and multiply mutant strains grow at almost the same rate and to the same density as the wild-type parental strains when strains were grown under permissive conditions. We also evaluated vaccine strain stability in respect to possible recombinational and/or mutational events as described in Results. Strains were also evaluated for biochemical and metabolic attributes, sensitivity to antibiotics and drugs, serological properties, and resistance compared to wild-type parental strains to stresses associated with exposure to acid (7) and bile (29) .
Cell biology. The ability of various constructed Salmonella strains to attach to, invade into, and survive in various murine and human epithelial and/or macrophage cell lines was quantitated by well-established methods (16, 22) that we have used routinely.
Animal experimentation. BALB/c and C57BL/6 female mice, 6 to 8 weeks of age, were used for most experiments. Mice were held in quarantine for 1 week before use in experiments. They were deprived of food and water 6 h before oral immunization. No bicarbonate was administered. Food and water were returned 30 min after immunization. Candidate vaccine strains were quantitatively enumerated in various tissues as a function of time after inoculation (14, 27) . The inoculation procedures were the same as in the immunization studies. All animals were housed in biosafety level 2 containment with filter bonnet-covered cages. If high immunogenicity was observed in initial tests after primary immunization, subsequent studies were done to determine the lowest level of vaccine inoculum to induce a significant protective immune response to oral or intraperitoneal challenge with the wild-type serovar Typhimurium UK-1 parental strain 3761. All animal protocols were approved by the Arizona State University IACUC and complied with all standards and policies of the American Association for Accreditation of Laboratory Animal Care.
RESULTS
Construction of deletion-insertion mutations to achieve regulated delayed attenuation. We describe four means to permit a regulated delayed attenuation phenotype so that strains at the time of oral inoculation exhibit nearly wild-type attributes for survival and colonization of lymphoid tissues and become avirulent after 5 to 10 cell divisions. The means to achieve regulated delayed attenuation rely on using an araC P BAD activator-promoter that is more tightly regulated by arabinose (39) than the original sequence from Escherichia coli B/r strain (31). We deleted the promoter, including all sequences that interact with activator or repressor proteins, for the fur, phoPQ, rpoS, and crp genes, and substituted the improved araC P BAD cassette (39) to yield Salmonella strains with the ⌬P fur33 ::TT araC P BAD fur, ⌬P phoPQ107 ::TT araC P BAD phoPQ, ⌬P rpoS183 ::TT araC P BAD rpoS, and ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutations (where P stands for promoter and the subscripted number refers to a composite deletion and insertion of the indicated gene). The suicide vectors used to generate these four deletion-insertion mutations depicted in Fig. 1a to d are listed in Table 2 . We have included a strong phage-derived TT at the C-terminal end of the araC gene in all these constructions since its transcription in the presence of arabinose could often lead to altered overexpression of downstream adjacent genes with the same transcriptional orientation as the araC gene or to diminished expression when the downstream adjacent gene is in opposite orientation, resulting in synthesis of antisense mRNA from P araC .
Phenotypic characterization of mutant strains. Growth of these mutant strains in the presence of arabinose leads to transcription of the fur, phoPQ, rpoS, and/or crp genes, but gene expression ceases in the absence of arabinose. These activities can be readily observed by appropriate tests. Thus, 9021 with the ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutation can ferment maltose only when grown in the presence of arabinose and not in the absence of arabinose, as revealed by streaking cultures on MacConkey maltose agar without and with 0.2% arabinose (Fig. 2a) . Similarly, 8848 with the ⌬P fur33 ::TT araC P BAD fur and 9107 with ⌬P fur33 ::TT araC P BAD fur and ⌬P crp527 ::TT araC P BAD crp mutations reveal siderophore production when streaked on CAS plates without arabinose and no siderophore production when grown in the presence of arabinose (Fig. 2b) . 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ and 9108 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ and ⌬P crp527 ::TT araC P BAD crp mutations when streaked on X-P plates without and with 0.2% arabinose reveal acid phosphatase activity due to expression of the PhoP-activated phoN gene only when grown in the presence of arabinose (Fig. 2c) . 8956 with the ⌬P rpoS183 ::TT araC P BAD rpoS and 9064 with the ⌬P rpoS183 ::TT araC P BAD rpoS and ⌬P crp527 ::TT araC P BAD crp mutations reveal glycogen accumulation when streaked on glycogen indicator agar with 0.2% arabinose and sprayed with iodine indicator solution (Fig. 2d) . The presence or absence of RpoS in these strains can also be revealed by adding hydrogen peroxide to cultures to detect the activity of the RpoS-dependent catalase, KatE (9, 47, 53) , when arabinose is present during strain growth. Since Crp positively enhances transcription from P BAD such that transcription is reduced 10-fold in the absence of Crp (45) , the inclusion of the ⌬P crp527 ::TT araC P BAD crp mutation with other araC P BAD -regulated genes causes a tighter cessation of transcription in the absence of arabinose. This is seen by close examination of the photographs in Fig. 2 . Thus, 9108 produces less acid phosphatase than 8918, and 9064 accumulates less glycogen than 8956. For this reason, the ⌬P crp527 ::TT araC P BAD crp mutation is included in all vaccine strains when araC P BAD is used to regulate virulence genes. In regard to differential plating on LB agar with and without 0.5% bile salts, there were no significant differences among all the strains with the ⌬P fur33 ::TT araC P BAD fur, ⌬P fur71 ::TT araC P BAD fur, ⌬P fur81 ::TT araC P BAD fur, ⌬P rpoS183 ::TT araC P BAD rpoS, ⌬P crp527 ::TT araC P BAD crp, ⌬P phoPQ107 ::TT araC P BAD phoPQ, ⌬P phoPQ173 ::TT araC P BAD phoPQ, or ⌬P phoPQ177 ::TT araC P BAD phoPQ mutation in combination with the ⌬araBAD23 mutation. This was true whether strains were grown in LB broth or nutrient broth with 0.0, 0.05, or 0.2% arabinose. The wild-type strain 3761 was used as the control.
In regard to acid stress, ⌬araBAD23 strains with the ⌬P fur33 :: TT araC P BAD fur, ⌬P fur71 ::TT araC P BAD fur, ⌬P fur81 ::TT araC P BAD fur, ⌬P rpoS183 ::TT araC P BAD rpoS, and ⌬P phoPQ173 ::TT araC P BAD phoPQ mutations were sensitive to an acid stress of pH 4.5 when grown in nutrient broth with no arabinose but were resistant to immediate exposure to pH 4.5 when cultivated in medium with either 0.05 or 0.2% arabinose. Strains with other araC P BAD -regulated genes were as resistant or more resistant to the pH 4.5 stress than the wild-type strain 3761.
Studies on attachment and invasion of mutant strains depending on growth medium using Int-407 cells were somewhat variable, with no clear pattern dependent on presence or ab- sence of arabinose. In view of the primary objective to discern differences in immunogenicity dependent on genotype and growth conditions, we focused most attention on animal studies, as described below, that have provided a clear indication of differences due to genotype and the growth conditions used to prepare strains for inoculation into mice. Stability of Crp, Fur, RpoS, and PhoP proteins and their decline during growth in the absence of arabinose. Growth of strains with araC P BAD -regulated genes in the presence of arabinose results in acid production that can cause cessation of growth. We have therefore included the ⌬araBAD23 mutation (Fig. 1i ) that prevents use of arabinose (5, 62) . Inclusion of this mutation also prevents breakdown of arabinose retained in the cell cytoplasm at the time of oral immunization, and inclusion of the ⌬araE25 mutation (Fig. 1j ) that enhances retention of arabinose (35, 48) further delays cessation in expression of araC P BAD -regulated genes for an additional cell division or so. The suicide vectors for introducing the ⌬araBAD23 and ⌬araE25 mutations are listed in Table 2 .
The stability of virulence gene products in strains with each of the araC P BAD -regulated virulence genes was determined by growing cultures to an optical density at 600 nm (OD 600 ) of 0.8 in LB broth with 0.2% arabinose and then adding 50 g chloramphenicol/ml (43) for Crp, Fur, and PhoP and 200 g chloramphenicol/ml for RpoS (43) to arrest further protein synthesis. As can be seen by the results presented in Fig. 3 , the Crp, Fur, and PhoP proteins are very stable and not subject to breakdown, whereas the RpoS protein displays no stability in the log phase (59) . However, the RpoS protein seemed to be stable when 50 g/ml chloramphenicol was added to saturated overnight stationery phase cultures (data not shown). The mutant strains were also grown in nutrient broth with 0.2% arabinose to an OD 600 of 0.8 and then diluted 1:4 into nutrient broth with no added arabinose; these 1:4 dilutions were continued after each culture until cultures again reached an OD 600 of 0.8. We observed no significant reductions in the amounts of Crp, Fur, and PhoP proteins until a final dilution of 1:16, with an arabinose concentration of 0.0125%, or until a final dilution of 1:64, with an arabinose concentration of 0.003125%. Thereafter, the amounts of the proteins decreased by a factor of 4 for each subsequent 1:4 dilution of the culture. In the case of RpoS protein, we observed a significant amount of reduction after a dilution of 1:4 with an arabinose concentration of 0.05% (Fig. 4) . Such a rapid decline in RpoS was not observed when cultures of 8956 were grown to an OD 600 of 2.0 prior to making the successive 1:4 dilutions (data not shown). The decline in the amounts of these proteins in vivo would be expected to be more accelerated since there is no arabinose present in tissues upon invasion of Salmonella into the GALT (39) . In other experiments, strains grown in nutrient broth with 0.2% arabinose were sedimented by centrifugation and resuspended at a density one-fourth of the original culture. In this case after growth to the original density, the amounts of each of the four virulence gene proteins was three to four times less than in the culture grown with arabinose (data not shown). In other experiments, we determined that the levels of Fur, PhoP, RpoS, and Crp synthesis were nearly the same when mutant cultures were grown in LB broth with either 0.05% or 0.2% arabinose (data not shown).
Attenuation of mutant strains in orally immunized female BALB/c mice. We evaluated levels of attenuation in serovar Typhimurium UK-1 strains with different araC P BAD -regulated virulence genes by oral inoculation of female BALB/c mice with doses approximating 10 7 , 10 8 , and 10 9 CFU from cultures grown in LB broth with 0.0, 0.05, and 0.2% arabinose. It should be noted that LB broth contains arabinose in the yeast extract at a concentration equivalent to 0.003% based on mass spectrometry analysis. The collective results presented in Table 3 indicate that the strains with the ⌬P phoPQ107 ::TT araC P BAD phoPQ, ⌬P rpoS183 ::TT araC P BAD rpoS, and ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutations were highly attenuated, whereas the strain with the ⌬P fur33 ::TT araC P BAD fur mutation was less attenuated. In this regard, we noted a higher level of attenuation when 8848 was grown in LB broth with no added arabinose and a greater virulence when 8848 was Fig. 3 were grown in nutrient broth with 0.2% arabinose, and at the commencement of sampling to measure the amounts of proteins, the cultures were diluted 1:4 into prewarmed nutrient broth lacking arabinose. Rabbit antibodies raised against His-tagged Crp, Fur, RpoS, and PhoP were used for Western blot analyses. Some synthesis of three of the four proteins continued until after the third 1:4 dilution when the arabinose concentration was 0.003%. grown in LB broth with 0.2% arabinose. We address the basis for this observation later in this report. It is evident, however, from the collective results ( Table 3 ) that attenuation develops as the products of the fur, phoPQ, rpoS, and/or crp genes are diluted at each cell division in vivo.
Abilities of orally administered strains with araC P BADregulated virulence genes to induce protective immunity to oral challenge with wild-type serovar Typhimurium UK-1. Strains with each of the araC P BAD -regulated virulence genes were next evaluated for induction of protective immunity to challenge with the highly virulent serovar Typhimurium UK-1 strain 3761 (oral 50% lethal dose of 1.2 ϫ 10 4 CFU). The results shown in Table 4 reveal that 8848 with the ⌬P fur33 ::TT araC P BAD fur mutation displayed some virulence even at low doses when the strain was grown in LB broth with 0.2% arabinose. However, for immunizing doses of 10 7 CFU and higher, 100% of the survivors developed protective immunity to challenges with 10 8 and 10 9 CFU doses of 3761. Thus, the ⌬P fur33 ::TT araC P BAD fur mutation, while displaying moderate attenuation, is highly immunogenic. This is a very important attribute of an attenuating mutation to include in a vaccine strain. We had previously reported (15) that 8848 with the ⌬P fur33 ::TT araC P BAD fur mutation was completely attenuated even at high (10 9 CFU) doses when grown in LB broth with no added arabinose. This observation implies that production of too much Fur protein may diminish attenuation. The results shown in Table 5 reveal that 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ deletion-insertion mutation is very attenuated but displays more moderate immunogenicity in regard to inducing protection against challenge with 3761. These results suggest that some of the attenuation may be due to a reduced ability of 8918 to effectively colonize lymphoid tissues, quite possibly due to the overexpression of the phoPQ genes when 8918 is grown in LB broth with 0.2% arabinose. In accord with this expectation, 8918 is better able to colonize Peyer's patches, mesenteric lymph nodes, and spleens in orally immunized mice when the strain is grown in LB broth without added arabinose than when grown in LB broth with 0.2% arabinose (data not shown). Nevertheless, 8918 is still less capable of colonizing these lymphoid tissues than 9021 with the ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutation, which colonizes equally well independent of the arabinose concentration in the LB broth. This undesirable attribute of the ⌬P phoPQ107 ::TT araC P BAD phoPQ mutation will be addressed later in the text.
The results shown in Table 6 confirm the oral avirulence of 8956 with the ⌬P rpoS183 ::TT araC P BAD rpoS deletion-insertion mutation. However, the two experiments gave very different results on the ability of this strain to induce protective immunity to oral challenge with wild-type serovar Typhimurium. We therefore repeated the experiment; with oral doses of 8956 (⌬P rpoS183 ) of 1.4 ϫ10 7 , 1.4 ϫ 10 8 , and 1.4 ϫ 10 9 CFU, there were 15 survivors at each dose. After a subsequent challenge with 3.1 ϫ 10 9 CFU of 3761, we observed 13, 13, and 14 survivors, respectively, out of 15 mice challenged. It thus appears that the data in the second experiment shown in Table 6 are more indicative of the correct attenuating and immunogenic phenotypes. We have no objective basis to discard the data from the first experiment as all three experiments were done by the same individual many months apart. We also observed no differences in results when 8956 (⌬P rpoS183 ) was grown in LB broth with or without arabinose.
The results shown in Table 7 indicate that 9021 with a Mice were 7 to 8 weeks of age. Bacterial strains were grown in LB broth with 0, 0.05, or 0.2% arabinose that did not have a significant effect on levels of attenuation on strains with the ⌬P phoPQ107 ::TT araC P BAD phoPQ, ⌬P rpoS183 ::TT araC P BAD rpoS, and ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutations but did affect the results for 8848 with the ⌬P fur33 ::TT araC P BAD fur mutation (see Results for an explanation of the notation). the ⌬P crp527 ::TT araC P BAD crp deletion-insertion mutation is both highly attenuated and also very immunogenic. Neither of these attributes was altered when the strain was grown in LB broth with or without arabinose. Alterations in strains with the ⌬P fur ::TT araC P BAD fur and ⌬P phoPQ ::TT araC P BAD phoPQ deletion-insertion mutations to increase the attenuation of the former and increase the immunogenicity of the latter. As noted above, 8848 with the ⌬P fur33 ::TT araC P BAD fur mutation was more attenuated when grown in LB broth without arabinose and more virulent when grown in LB broth with 0.2% arabinose prior to oral inoculation of mice. This implied that overproduction of Fur, which would require more cell divisions in vivo to dilute out, reduced attenuation without adversely altering immunogenicity in mice surviving immunization. We therefore constructed two derivatives in which the ATG start codon for the fur gene was changed to GTG, and in one of these we also changed the SD sequence from AGGA to AAGG. The structure of these two mutations, ⌬P fur77 ::TT araC P BAD fur and ⌬P fur81 ::TT araC P BAD fur, are diagrammed in Fig. 1e and f. 9273 with the ⌬P fur77 ::TT araC P BAD fur mutation and 9269 with the ⌬P fur81 ::TT araC P BAD fur mutation both synthesize much less Fur, as revealed by Western blot analysis, when grown in LB broth with 0.2% arabinose than does 8848 with the ⌬P fur33 ::TT araC P BAD fur mutation (data not shown).
It was also noted above that the immunogenicity of 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ mutation was decreased when the strain was grown in LB broth with 0.2% arabinose although its attenuation was independent of the arabinose concentration in LB broth. This implied that overproduction of PhoP and/or PhoQ decreased induction of immunity to challenge. This inference was also supported by studies that demonstrated that 8918 was less able to colonize Peyer's patches, mesenteric lymph nodes, and spleen when the strain was grown in LB broth with 0.2% arabinose than when grown with no added arabinose. We therefore constructed two derivatives in which the ATG start codon for the phoP gene was changed to GTG, and in one of these we also changed the SD sequence from AGGA to AAGG. The structure of these two mutations, ⌬P phoPQ173 ::TT araC P BAD phoPQ and ⌬P phoPQ177 ::TT araC P BAD phoPQ, are diagrammed in Fig. 1g and h. 9382 with the ⌬P phoPQ173 ::TT araC P BAD phoPQ mutation and 9383 with the ⌬P phoPQ177 ::TT araC P BAD phoPQ mutation both synthesize much less PhoP, as revealed by Western blot analysis, when grown in LB broth with 0.2% arabinose than does 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ mutation (data not shown). Table 8 contains results that demonstrate the high immunogenicity of 9273 with the ⌬P fur77 ::TT araC P BAD fur mutation and 9269 with the ⌬P fur81 ::TT araC P BAD fur mutation, the latter of which demonstrates much better attenuation when grown in LB broth with 0.2% arabinose. The data in Table 8 also indicate that both 9382 with the ⌬P phoPQ173 ::TT araC P BAD phoPQ mutation and 9383 with the ⌬P phoPQ177 ::TT araC P BAD phoPQ mutation are completely attenuated when grown in LB broth with 0.2% arabinose and display essentially the same immunogenicity, which is much improved over that exhibited by 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ mutation when it is grown in LB broth with 0.2% arabinose.
Abilities of intraperitoneally administered strains with araC P BAD -regulated virulence genes to induce protective immunity to oral challenge with wild-type serovar Typhimurium UK-1. Although we designed our vaccines for oral administration, we deemed it worthwhile to determine if strains with these mutations when administered intraperitoneally would also display attenuation and induce immunity to challenge with orally administered wild-type 3761. The serovar Typhimurium UK-1 strain 3761 has an 50% lethal dose by the intraperitoneal route of less than 10 CFU. Table 9 demonstrates that strains with ⌬P fur ::TT araC P BAD fur mutations retain considerable virulence by this route of administration although 9269 with the ⌬P fur81 ::TT araC P BAD fur mutation displays the highest attenuation of the three strains evaluated and yet induces complete protective immunity to all survivors when they are challenged with about 10 9 CFU of 3761. 8918 with the ⌬P phoPQ107 ::TT araC P BAD phoPQ mutation displays fairly good attenuation by this route and moderate immunogenicity. On the other hand, 8956 with the ⌬P rpoS183 ::TT araC P BAD rpoS mutation and 9021 with the ⌬P crp527 ::TT araC P BAD crp mutation are the most attenuated and induce a very high level of protective immunity when delivered at i.p doses in the 10 2 to 10 4 CFU range (Table 9) . Enhanced control over araC P BAD -regulated virulence genes in vivo by inclusion of the ⌬P crp527 ::TT araC P BAD crp mutation. Maximum levels of transcription of genes regulated by the araC P BAD system require not only arabinose to interact with the AraC protein but also the Crp protein (46, 50) . We thus will always include the ⌬P crp527 ::TT araC P BAD crp mutation in vaccine strains whenever other araC P BAD -regulated genes are included. The benefit of this addition is readily observed by the Fig. 2 that demonstrate this tighter regulation in the absence of arabinose in strains that also have the ⌬P crp527 ::TT araC P BAD crp mutation. This also acts as a backup and should enhance the safety and efficacy of vaccine strains. Means for delay in the in vivo timing of onset of regulated delayed attenuation. As shown by Guzman et al. (31) , the inclusion of mutations that abolish utilization of arabinose prolong expression of genes under the control of the araC P BAD system. We therefore can delay onset of attenuation by including ⌬araBAD23, which prevents use of arabinose retained in the cell cytoplasm at the time of oral immunization, and/or ⌬araE25, which enhances retention of arabinose. These mutations are diagrammed in Fig. 1i and j.
DISCUSSION
We have described four different means to achieve regulated delayed attenuation of serovar Typhimurium strains using araC P BAD regulation of virulence genes such that vaccine strains possessing these deletion-insertion mutations will be better able to withstand the host defense-imposed stresses following oral inoculation. We have also further modified some of these constructs by changing the SD and start codon sequences to optimize attenuation and improve immunogenicity. Strains with the optimized ⌬P fur ::TT araC P BAD fur and ⌬P phoPQ ::TT araC P BAD phoPQ mutations as well as strains with the ⌬P crp527 ::TT araC P BAD crp mutation and ⌬P rpoS183 ::TT araC P BAD rpoS mutation were very attenuated and highly immunogenic when grown with the optimal concentration of arabinose and inoculated orally. However, vaccine strains with the ⌬P fur ::TT araC P BAD fur mutations and one of the ⌬P phoPQ ::TT araC P BAD phoPQ mutations were less attenuated and significantly less immunogenic when delivered intraperitoneally. This was not the case for strains with either the ⌬P crp527 ::TT araC P BAD crp or ⌬P rpoS183 ::TT araC P BAD rpoS mutation, which exhibited very good attenuation and high immunogenicity when administered intraperitoneally. Presumably, the combination of two of these means of attenuation would yield strains with enhanced safety and immunogenicity if they were administered intraperitoneally.
Although comparative studies with vaccine strains having defined deletion mutations in the fur, phoPQ, rpoS, and crp genes with strains having araC P BAD regulation of the same genes might resolve doubt about the enhanced efficacy of the regulated delayed attenuation strategy, such comparative studies become difficult to justify based on animal use in studies using challenge to the wild-type virulent serovar Typhimurium parent strain. However, such comparisons, to be reported separately, are being made with recombinant vaccine strains that deliver a protective antigen to induce protective immunity to Streptococcus pneumoniae challenge. In addition, we are now including these mutations in strains with multiple attenuating mutations both to investigate their tolerance to acid stress and bile stress, their success in colonizing effector lymphoid tissues, and their ability to induce maximal immune responses to expressed protective antigens encoded on plasmids using the balanced-lethal vector-host systems (23, 54) and to ensure safety in administering the strains to newborn mice. The results of these studies will be reported separately. We are also including some of these mutations in S. enterica serovar Typhi strains to be evaluated soon in human clinical trials. 
